The virD locus of Agrobacterium tumefacuns Ti plasmid encodes functions necessary for endonucleolytic cleavage of transferred DNA (T-DNA) prior to its transfer to plant cells. For the overproduction of the VIRD proteins in Escherichia coli a tac-virD operon fusion was constructed. A significant increase in the accumulation of VIRD proteins was observed in a Ion protease-deficient E. coli host. The presence of an overlapping open reading frame (ORF) upstream of the VIRD1 coding sequence had a negative effect on VIRD1 production. A preparation containing VIRD proteins catalyzes the conversion of supercoiled (form I) DNA to relaxed (form IV) DNA. This activity is similar to that of a DNA topoisomerase. The relaxation activity lacks DNA sequence specificity, requires magnesium ion, and has no requirement for an energy source. Studies with plasmids that had lost defined DNA segments encompassing various virD coding regions showed that VIRD1 is the DNA-relaxing enzyme. In a density gradient centrifugation experiment, the DNA-relaxing activity sedimented as a 21-kDa polypeptide. Earlier studies of Jayaswal et al. [Jayaswal, R., Veluthambi, K., Gelvin, S. & Slightom, J. (1987) (J. Bacteriol. 169,(5035)(5036)(5037)(5038)(5039)(5040)(5041)(5042)(5043)(5044)(5045) have shown that in E. coil VIRD2 alone is not sufficient for endonucleolytic cleavage of T-DNA and requires VIRD1 for its activity.
Agrobacterium tumefaciens causes crown gall tumors on most dicotyledonous plants by transferring a segment of its plasmid-borne DNA to plant cells (reviewed in refs. 1 and 2). The transferred DNA (T-DNA), a 15-to 20-kilobase-pair (kbp) segment of a large (200-300 kbp) tumor-inducing (Ti) plasmid, is found integrated into the nuclear genome of transformed plant cells (3) (4) (5) . None of the T-DNA-encoded genes is essential for the DNA transfer. Only a 25-bp direct repeat sequence, the border sequence, located at the ends of the T-DNA is required in cis (6) . A second region of the Ti plasmid, the virulence (vir) region, as well as chromosomal loci (chv) are the regions absolutely necessary for tumor formation (7, 8) . The vir region consists of at least six complementation groups-virA, virB, virC, virD, virE, and virG (9) . Of these, virA and virG encode regulatory functions (10) . These two loci, in conjunction with a plant cell factor, control their own expression as well as the expression of the other four vir loci (virB-VirE), which are believed to encode functions necessary for DNA transfer (10, 11) .
In agrobacteria induced either with plant cells or with the plant phenolic acetosyringone, single-stranded (ss) DNA, corresponding to the bottom strand of the T-DNA, has been observed (12, 13) . This ssDNA molecule, designated the T strand (13) , is a potential intermediate in T-DNA transfer from agrobacteria to plant cells. In support of this postulate, we and others have observed that a vir locus, virE, encodes a ssDNA-binding protein (14) (15) (16) (17) . The ssDNA molecules are the product of a site-specific strand-specific endonucleolytic cleavage reaction at the T-DNA border sequences by the polypeptides encoded within the virD operon (18) . DNA sequence analysis of virD showed that it can encode at least four polypeptides of molecular masses 16.2, 47.4, 21.3, and 75.8 kDa (18) (19) (20) . Ofthese, the first two polypeptides, VIRD1 and VIRD2, are required for the endonucleolytic cleavage at the T-DNA borders (18, 20, 21) . Neither of the proteins alone is sufficient for this activity (20) . In this report, we describe an approach for the overproduction of the VIRD polypeptides in E. coli and demonstrate that VIRD1 possesses a DNA topoisomerase activity in vitro.
MATERIALS AND METHODS Materials. Calf thymus DNA topoisomerase I was purchased from Bethesda Research Laboratories and was used according to the manufacturer's instructions. Restriction and modifying enzymes were purchased from New England Biolabs. Radioisotopes were purchased from Amersham. E. coli AS17, and P1 vir and plasmid pTL14 were gifts of James C. Wang (Harvard University) and James Fuchs (University of Minnesota), respectively.
Bacterial Strains. The bacterial strains used in this study were E. coli DH5a [relevant genotype: recAl, hsd R17 (r-mit), )80 dlacZAM15], AS17 (topAam pLL1 (tcr supD's)], and AD256 (lonl, recA56, srlC300::tnJO). AD256 was constructed by P1 transduction of recA56 mutation of JC10240 (Hfr P045, slrC300::tnlO, recA56, thr300, ilv318, rpsE300) into E. coli AB1899 (E. coli genetics stock center strain 1899) according to Miller (22) .
virD Overproducing Plasmids. Plasmid vector pTL14 is a pUC18 derivative that contains the synthetic tac promoter upstream of the multiple cloning sites (23) . The tac promoter is under the control of the lac repressor and can be activated by addition of isopropyl 8-D-thiogalactoside (IPTG) to the growth medium. The virD operon of Agrobacterium Ti plasmid pTiA6 was isolated from the cosmid clone pVK224 (24) . To construct a tac-virD operon fusion, a 1. (27) Laemmli (29) .
Assay for DNA-Relaxation Activity. The reaction mixture contained in a total vol of 20 ,ul, 0.2 ,g of supercoiled plasmid DNA, 25 collected from the top and assayed for DNA-relaxing activity as described above. Marker proteins were centrifuged in parallel and were assayed as described above (28) . RESULTS 56-kDa protein in SDS/PAGE (18, 20) . A second protein migrating as a 16-kDa protein was also visible in these gels (lane 2) . This band probably is VIRD1 because DNA sequence analysis of Yanofsky et al. (18) indicated that the first open reading frame (ORF) of virD can encode a 16.2-kDa protein. Due to a low level of VIRD1 synthesis from plasmid pAD1151 and our interest in VIRD1 and VIRD2 for their involvement in the T-DNA-specific endonucleolytic cleavage reaction, we sought to determine whether the level of expression of these proteins could be altered.
In plasmid pAD1151, the translation initiation site of VIRD1 lies within the coding region of the a-peptide of the E. coli ,8-galactosidase gene (lac). We speculated that translation ofthe a-peptide coding segment negatively affects translation ofvirDi mRNA. To test this hypothesis, we introduced an 8-bp Xba I linker DNA (dCTCTAGAG) into the unique Sma I restriction site of plasmid pAD1151. The linker DNA introduces a stop codon (TAG) in frame with the lac ORF. In the resultant plasmid, pJG1, translation of virDi ORF begins 57 bp downstream from the end ofthe lac ORF. When proteins synthesized in E. coli JG1 were analyzed by SDS/PAGE, a large increase in the amount of the 16-kDa protein band was observed in the presence of IPTG (Fig. 2a, lane 3) . In these cells, synthesis of the 56-kDa VIRD2 and a third virD protein of 76 kDa, most likely VIRD4, was also observed.
Earlier reports of instability of foreign proteins in E. coli (30) , in conjunction with our inability to overproduce several polypeptides of the vir region, led us to investigate the role of host E. coli cells in the overproduction of VIRD proteins. Plasmid pJG1 was introduced into DHSa by transformation and total proteins, before and after induction with IPTG, were compared to that of JG1 by SDS/PAGE (Fig. 2b) . Both the 16-and 56-kDa protein bands, corresponding to VIRD1 and VIRD2, respectively, were easily visible by Coomassie blue staining in AD256 hosts (lane 4) but were barely detectable in DH5a host (lane 2). This confirmed our earlier speculation that a protease-deficient host cell would yield larger quantities of VIRD1 and persuaded us to use E. coli AD256 as a host for the overproduction of VIRD and other proteins. For purification of the VIRD proteins, it was necessary to determine their cellular localization. After sonic disruption of cells, both VIRD1 and VIRD2 were found to be present in the insoluble pellet (data not shown). Similar observations have been made previously with VIRE2 and a large number of other proteins (14, 31) . The VIRD proteins present in the insoluble pellet were solubilized by treatment with 6 M urea at 00C. Significant amounts of both VIRD1 and VIRD2 were recovered in the soluble fraction by this procedure (Fig. 2c, lane 2) .
VIRD Proteins Catalyze the Conversion of Supercoiled DNA to a New Form. Earlier studies have demonstrated that VIRD1 and VIRD2 proteins are sufficient for endonucleolytic cleavages at the T-DNA border sequences and for the formation of T strand (18, 20, 21) . Therefore, it is expected that, under appropriate conditions, a site-specific nick should take place at a T-DNA border sequence in a cell-free extract containing both of these proteins. To study the effect of the VIRD proteins on border sequences in vitro, plasmid pAD1141 DNA, a plasmid containing the left border sequences of pTiA6TL DNA, was incubated with fraction II proteins as described and the reaction was analyzed by agarose gel electrophoresis (Fig. 3) . In the presence of VIRD proteins, several new products were observed (lanes 4-7). These products were not present when plasmid DNA was incubated with fraction II preparations from either uninduced JG1 (lane 1) or induced TL14 (lane 2). This indicates that the new products are the results of VIRD action. One of the products migrated faster than the supercoiled DNA and several others migrated faster than the putative dimeric form of the plasmid. The conversion to the novel DNA products was complete at higher protein concentrations (lanes 6 and 7).
The product DNAs could not be radiolabeled by either T4 polynucleotide kinase or terminal deoxynucleotidyltransferase. Also, while these products could be transferred to nitrocellulose filters under denaturing conditions, no transfer without prior denaturation was observed (data not shown). These indicate that the products are double-stranded covalently closed circular DNA.
The DNA Products Are Relaxed Molecules. The products whose formation was catalyzed by the VIRD proteins were observed only when agarose gel electrophoresis was carried out in TBE buffer in the presence of the intercalating dye EtdBr (Fig. 3) . In the absence ofEtdBr, no significant difference in the banding pattern, except for the smearing of the form I DNA, was observed (data not shown). EtdBr, through intercalation between the two strands of the DNA duplex, increases the degree of positive supercoiling of circular DNA (32) . A relaxed DNA molecule, therefore, in the presence of EtdBr will be converted to a positively supercoiled form that migrates faster than the form I DNA (which behaves as a relaxed molecule due to the intercalating effect of EtdBr) (32) . Such relaxed DNA molecules (form IV) are the products of DNA topoisomerase action (33, 34) . To determine whether the products of a VIRD catalyzed reaction are similar to that produced by DNA topoisomerases, a kinetic analysis of the reaction was performed. Our expectations were that if the VIRD preparation contains a topoisomerase-type activity, a kinetic study should reveal a large number of different topoisomers arising from the change in linking number of the form I DNA (32) . Topoisomerases are known to cleave and religate DNA; the nicking and reclosure steps bring about the unwinding of DNA, which leads to a reduction in the degree of negative supercoiling. The different topoisomers migrate as individual bands in agarose gels run in TAE buffer in the absence of EtdBr (32) . We therefore performed a kinetic analysis ofthe VIRD-catalyzed reaction under these conditions (Fig. 4) . The results show that fraction II VIRD preparation catalyzes the formation of DNA with different degrees ofsupercoiling (lanes 4-9, areas A and B). The products were similar to the ones observed with purified calf thymus DNA topoisomerase I except that, due to higher enzyme activity, the reaction with DNA topoisomerase I yielded DNA with a lower degree of negative supercoils (rightmost lane).
Substrate Specificity and Requirements for DNA-Relaxing Activity. To determine whether T-DNA sequences were necessary for topoisomerase activity, plasmid pGEM1, the vector used for plasmid pAD1141 construction, was used as substrate DNA (Fig. Sa) . The JG1 fraction II proteins catalyzed the conversion of form I DNA to form IV DNA (lanes 3 and 4) . Thus, the DNA relaxation reaction does not require any T-DNA sequences. The requirements for divalent cation (Mg2"), for salt (NaCl), and for energy source (ATP) in the DNA relaxation reaction were also investigated. Formation of the form IV DNA was completely dependent on the presence ofMg2" (Fig. 5b) in the absence of Mg2e (lane 1) or in the presence of high (.6 mM) Mg2+ (lanes 7-9). In the presence of 1-4 mM Mg2+, complete conversion from form I to form IV DNA was observed (lanes 2, 5, and 6). In control experiments, fraction II proteins from either uninduced JG1 (lane 3) or induced TL14 (lane 4) did not affect the substrate DNA. The DNA-relaxing enzyme did not require NaCl or ATP (data not shown). While lower NaCl concentration had no effect on the relaxing enzyme activity, high salt (-150 mM) was inhibitory (data not shown).
VIRD1 Is the DNA-Relaxing Enzyme. To identify the ORF that encodes the DNA-relaxing enzyme(s), two deletion derivatives of the plasmid pJG1 were constructed. One of these, pAD1186, contains only the first ORF of virD and the second, pAD1187, contains the first three ORFs (Fig. 1) . Extracts prepared from cells harboring either plasmid were competent to yield form IV DNA (Fig. 6a) . The products were similar to those produced in reactions with either the VIRD proteins or purified calf thymus DNA topoisomerase I. The characteristics of the DNA relaxation reaction-lack of substrate specificity, low Mg2+ requirement, and salt and energy independence-were similar with extracts containing either VIRD1 or VIRD proteins (data not shown). Total proteins from induced AD1186 or AD1187 when analyzed by SDS/PAGE showed, as expected, that the VIRD1 protein was present in both preparations, but the VIRD2 was present only in AD1187 (Fig. 6b) . Both VIRD1 and VIRD2 were present in induced JG1.
The above studies indicate that VIRD1 is the DNA-relaxing enzyme. To determine whether the observed activity is due to contamination of a miniscule amount of host E. coli DNA topoisomerase I, a protein of molecular mass 110 kDa (35), we performed a density-gradient centrifugation experiment (Fig.  7) . The relaxing activity sedimented near the top ofthe gradient (fractions 5-11) corresponding to a polypeptide of 21 kDa (Fig.  7 Lower). No activity was observed in any other region of the gradient. The observed molecular mass of 21 kDa agrees well with the theoretical value of 16.2 kDa predicted for VIRD1 from DNA sequence analysis (18) . This also indicates that VIRD1 is active as a monomer. Consistent with this is our recent finding that plasmid pAD1151, a plasmid that produces VIRD proteins at a low level, supports growth of E. coli AS17 at 42°C (unpublished data). Strain AS17 does not grow at 42°C because of a temperature-sensitive lethal mutation in the DNA topoisomerase I gene, topA (36) . 
DISCUSSION
The polypeptides of the virD operon catalyze a strandspecific site-specific cleavage at the border sequences of A. tumefaciens Ti plasmid T-DNA (18) . To determine the role of individual proteins encoded by virD, we overproduced the encoded gene products in E. coli from a tac-virD operon fusion plasmid and studied their properties in vitro (Fig. 1) . Analysis ofgene expression by protein analysis in SDS/polyacrylamide gels demonstrated that an overlapping ORF strongly reduces the translation of a downstream gene (Fig.  2a) . Also, a protease-deficient host cell significantly increased the yield of VIRD1 protein in E. coli (Fig. 2b) . Overproduction of the VIRD proteins led to their partitioning into the inclusion bodies. Solubilization of these proteins was achieved by treatment with 6 M urea (Fig. 2c) .
The VIRD1 protein when incubated with supercoiled plasmid DNA catalyzed the conversion of form I DNA to form IV (Fig. 6a) . This reaction requires Mg2' as a cofactor and does not require NaCl or ATP (Fig. 5b) . Density-gradient centrifugation studies showed that monomeric VIRDi catalyzed the DNA-relaxation reaction (Fig. 7) . The size obtained from this study (-21 kDa) agrees well with the polypeptide product we observed in SDS/PAGE (Fig. 2) and its predicted mass (16.2 kDa) from DNA sequence analysis results (18) .
Our demonstration that VIRD1 possesses a topoisomerase-like activity makes it the smallest protein discovered thus far with such an activity. The properties reported here indicate that VIRD1 is a type 1 DNA topoisomerase. Type 1 topoisomerases ofboth bacterial and animal origins are of67-110 kDa, do not require ATP for activity, and are, in some cases, stimulated by Mg2+ (for a review, see ref. 37 ). The VIRD1 enzyme differs from these enzymes in two respects. First, it is a small polypeptide of 16.2 kDa and second, it has an absolute requirement for Mg2+. Two other proteins possessing DNA topoisomerase type activity and requiring Mg2+ for their action are the 67-kDa Xenopus laevis oocyte protein and the phosphoform of the regulatory subunit RII of a cAMP-dependent protein kinase from rat liver (38, 39) .
The result of a VIRD1-and VIRD2-catalyzed reaction is the generation of a site-specific strand-specific nick at the T-DNA borders (18) . Recent studies indicate that VIRD2 is found covalently attached to the 5' end ofT-strand DNA (40) . Similar complexes function as intermediates in the replication of ssDNA bacteriophages-namely, fd, 4X174, P2, etc.
( [41] [42] [43] [44] . The gene II protein of fd phage and the cisA protein of 4X174 also possess DNA relaxation activity (41) (42) (43) . In these cases, the proteins are site-specific endonucleases that are found covalently attached to the nicked DNA. In Agrobacterium, two proteins, VIRD1 and VIRD2, are required for a similar reaction (20) .
How VIRD1 and VIRD2 catalyze site-specific and strandspecific cleavage at the T-DNA border sequences is not clear at present. One possibility is that VIRD2 is an endonuclease that requires a form IV DNA molecule as a substrate. A second possibility arises from the mechanism of topoisomerase action. Topoisomerases transiently cleave a phosphodiester bond and conserve the energy in the form of a covalent DNA-protein complex. In a second step, this energy is utilized to reform the broken bond. VIRD1 possibly acts by a similar mechanism. It is plausible that when VIRD2 is present in the cell it can effectively compete with VIRD1 for the formation of the covalent DNA-protein complex. While a VIRD1-DNA complex is an intermediate of the topoisomerase reaction, the VIRD2-DNA complex is not, and the latter therefore terminates the reaction after the first step of topoisomerase action. This will result in the formation of a nicked Ti plasmid containing a VIRD2 protein covalently attached to the T-DNA. Studies of Young and Nester (40) have shown that in induced agrobacteria VIRD2 is covalently attached to the 5' end of the T-strand DNA. A third possibility is that VIRD1 and VIRD2 together function as a protein complex. While VIRD1, by itself, lacks substrate specificity, the VIRD1-VIRD2 complex is specific for T-DNA border sequences. It is likely that VIRD2 is a sequencespecific DNA-binding protein that confers specificity to the VIRD1-VIRD2 complex.
